Fluorescence is widely used in optical devices, microscopy imaging, biology, medical research and diagnosis. Improving fluorescence sensitivity, all the way to the limit of single-molecular detection needed in many applications, remains a great challenge. The technique of surface enhanced fluorescence (SEF) is based upon the design of surfaces in the vicinity of the emitter. SEF yields an overall improvement in the fluorescence detection efficiency through modification and control of the local electromagnetic environment of the emitter. Near-field coupling between the emitter and surface modes plays a crucial role in SEF. In particular, plasmonic surfaces with localized and propagating surface plasmons are efficient SEF substrates. Recent progress in tailoring surfaces at the nanometre scale extends greatly the realm of SEF applications. This review focuses on the recent advances in the different mechanisms involved in SEF, in each case highlighting the most relevant applications.
Introduction
Pushing fluorescence detection to the limit of sensitivity is performed by controlling the local electromagnetic (EM) environment of the fluorophores. The effect of the surrounding media on the emission properties of a molecular emitter (Purcell effect) was first demonstrated using free atoms in high-Q cavity in the search for a single photon emitter [1] . Taking advantage of the interaction between an emitter and its surroundings allows one to dramatically improve the detection efficiency of fluorescence. These improvements in light emission/detection have been used in various systems, such as organic molecules [2, 3] , semiconductor device structures, micropillars [4] , microdiscs [5] and more recently in photonic crystal defect nanocavities [6] [7] [8] .
The ability to improve emission of a single emitter in a microcavity, although very interesting from a fundamental point of view, often involves complex geometries and is hardly applicable to ensemble measurements. Surface enhancement involving a 2D geometry is usually more straightforward. We show in this paper how surfaces can be designed and tailored to enhance fluorescence by several orders of magnitude.
The effect of the surroundings changes the emission of a fluorophore through its spontaneous emission rate and its angular emission pattern. As we will see, a crucial challenge in surface enhanced fluorescence (SEF) is the surface itself, designed to control the fluorophore emission and bring towards the detector the maximum amount of light emitted by a single source located on or near the surface. Usually, the presence of the surface also modifies the excitation rate of a fluorophore through the modification of the local EM field at the fluorophore position. The optimization of this excitation process is another crucial aspect of SEF which involves a specifically designed surface together with a precise excitation and optical geometry.
One of the most promising developments in the field of SEF is the mastering of subwavelength optical patterns and nanostructures with plasmonic properties [9] . Surface plasmons (SP) are collective charge oscillation modes at the surfaces of conductors with unique light interaction properties. Due to their high sensitivity to geometry and surroundings, SP allow one to channel and concentrate light within subwavelength volumes [9] . Plasmonic surfaces have been used for a variety of optical applications where enhancement of the EM fields is of importance, such as in non-linear phenomena [10] [11] [12] [13] .
Very interesting and well documented review articles have been published focusing on specific aspects of SEF, for instance the photonic mode density [14] , or radiative decay engineering in biological applications [15] [16] [17] [18] [19] [20] . In this review, we present the latest developments of this fast growing field boosted, in particular, by the ability to design nanometric plasmonic structures and objects. We address the case of surfaces as well as that of nanoparticles with respect to their enhancement properties.
This review is divided into three parts. The first part introduces the principles of SEF and its applications to simple geometries. The two other parts are devoted to SEF for fluorophores coupled to propagating surface plasmons (part 2), and to SEF for fluorophores coupled to localized enhancement of the EM field (part 3).
SEF Principles

Principles of Fluorescence
Fluorescence is an example of more general luminescence phenomena which are defined as emission of light from any substance occurring by radiative relaxation from an electronically excited state.
Luminescence is called fluorescence when excitation is induced by light (also called photoluminescence) and when the excited electronic state is a singlet state (compared with phosphorescence for a triplet state). Fluorescence is thus the property for a material to absorb light at a particular wavelength and to subsequently emit light of longer wavelength. The processes which occur between the absorption and the emission of light are usually illustrated by a Jabłoński diagram. Figure 1 shows a simplified version of the diagram which illustrates few molecular processes which occur in the excited states. When a fluorophore absorbs light energy, it is usually excited to a higher vibrational energy level in the first S1 or second S2 electronically excited state, before relaxing rapidly to the lowest exited energy level in about a picosecond or less (this process is called internal conversion). Fluorescence lifetime τ , defined as the average relaxation time to the electronic ground state, is typically four orders of magnitude smaller than the lifetime of internal conversion 3 , giving the fluorophore enough time to reach the thermally equilibrated lowest vibrational state of S1 [21] .
The fluorescence quantum yield or quantum efficiency Q is a fundamental parameter used to retrieve the fluorescence efficiency of a given fluorophore [21] . It is commonly defined as the probability that a given excited fluorophore will produce a fluorescence photon. In this review, we will use a 3 Internal conversion time τ i few picoseconds whereas fluorescence lifetime τ few nanoseconds. more general definition for Q in which the quantum yield is defined as:
where EM represents all the EM relaxation processes and other are related to non-radiative relaxation processes induced by direct molecular interaction, essentially molecular collision [22] . Some EM relaxation processes can be nonradiative. When a fluorophore is surrounded by an absorbing medium, energy is dissipated into heat through near-field coupling. τ EM = 1/ EM is the lifetime of the excited state in the absence of non-EM processes. In the common case of a free fluorophore in an homogeneous non-absorbing medium, the definition 1 of Q is equivalent to the classical one.
The presence of an interface in the vicinity of the fluorophore alters the fluorescence processes through the modification of its local EM environment. As we will show later on, such changes induce modifications of both the excitation and the emission processes. The internal conversion depends mainly on the electronic structure of the fluorophore through the overlap of the fluorophore wave functions. To a first approximation it is insensitive to the modification of the local EM environment. This internal process allows one to separate the influence of the surface on the fluorescence cycle in two independent steps associated with excitation and emission.
Modification of the molecular detection efficiency
The SEF efficiency can be characterized by the gain in the relative molecular detection efficiency (MDE). The MDE is defined as the number of detected photons versus the number of absorbed photons. The associated MDE function, MDE(r 0 ) at a position r 0 , can be written as follows:
The MDE function is the product of an excitation factor given by the excitation rate exc (r 0 ) and an emission factor which is the product of the fluorescence quantum yield Q and the molecular collection efficiency function MCE(r 0 ) at point r 0 . The latter represents the ratio of the detected and emitted photons.
The influence of an interface on the excitation rate exc (r 0 ) is straightforward. Since exc (r 0 ) increases with light intensity I exc (r 0 ) at the fluorophore position, the design of an efficient SEF surface thus consists in increasing the EM field at the fluorophore position, taking into account that fluorophore can be excited either by a propagating or an evanescent EM field. Similarly, an efficient SEF surface should maximize the MDE through the redirection of light towards the detector.
The ability for an interface to modify the relaxation processes, i.e. Q, is more complex and less intuitive. From simple inspection of the Jabłoński diagram, one may think that fluorescence emission is an intrinsic property of the fluorophore, while in reality it crucially depends on its surroundings.
Fluorescence emission is a spontaneous emission process hence its rate of relaxation is given by the coupling of the excited state of the molecule to the vacuum oscillations of the surrounding environment. This can be reformulated in classical terms where the probability of emitting a photon is related to the photonic mode density (PMD) [14] . The fluorophore emission can consequently be controlled through the modification of the electromagnetic boundary conditions near the fluorophore. The alteration of the optical mode structure available to a 3D confined dipole in a small cavity has been studied as early as 1946 by Purcell [1] . First experimental studies were carried out by Drexhage in the early 1970s and involved changes in the emission characteristics from dye molecules placed close to reflecting interfaces [23] .
The fluorescence relaxation processes which are associated with the radiative recombination of the excited electron-hole pair compete with other non-fluorescent relaxation processes. SEF partly relies on the ability to tailor the local environment of the molecule to maximize the radiative relaxation rate compared with the one of the same fluorophore in free space. This is done while maintaining the competitive non-radiative processes to a low level. In most cases this results in the reduction of the fluorescence lifetime and in an increase of the quantum efficiency of the fluorophore. This is why SEF is sometimes incorrectly reduced to radiative decay engineering (RDE) [17] . Since RDE is based only on engineering the emission, it applies to every luminescent process (chemiluminescence, electroluminescence, etc) and does not take advantage of all the other aspects of fluorescence.
A simple model for the modifications of relaxation processes
1.3.1. The classical model. A classical theoretical approach for the calculation of the relaxation processes induced by the modification of the environment gives accurate results and simple understanding of the underlying principle. This classical model is sometimes called 'CPS model' after Chance, Prock and Silbey, the authors who introduced 30 years ago the classical approach in the case of a planar interface [24] . Neglecting the fluorophore spatial extension, the excited fluorophore behaviour can be modelled as an oscillating dipole. The fundamental law of dynamics applied to the excited electron gives the following equation for the dynamics of the dipolar moment p
where ω 0 and 0 are, respectively, the resonance frequency and the oscillator damping rate in free space 4 and E loc (r 0 ) is the electric field at the dipole position r 0 resulting from the reflection of the emitted electric field off the surrounding interfaces. E loc (r 0 ) equals zero in free space. Under the condition of small damping ( 0 < 2ω 0 ), which is usually valid for experimental conditions, the solution is given by p = p 0 exp(− t) exp(iωt) where
where the superscript * stands for the complex conjugate. These expressions give the modification of the emission rate and the frequency shift due to the presence of an interface, as compared with free space emission. The influence of the surrounding on the relaxation and frequency shift of the dipole is expressed by the local field reflected by the environment at the dipole position r 0 . It can also be written using the electric field susceptibility S(r, r 0 , ω 0 ) [24, 25] or alternatively the electric Green function G [26] 5 . This tensor S is also called the linear susceptibility of the electric field due to the presence of the surrounding. The reflected electric field is given by E loc (r) = S(r, r 0 , ω 0 ) · p.
For fluorophores with fluorescence quantum efficiency Q = 1, the damping rate in free space 0 is given by the power radiated by a dipole in free space and the energy conservation 6 :
Using this expression (5), equations (4) can be rewritten in the following form:
where u is the unit vector along the direction of the transition dipole p. The influence of the environment depends only on the local surroundings through the tensor S. It is independent of the fluorophore itself.
The quantum approach.
Since spontaneous emission is fundamentally a quantum process, it is interesting to compare this result with the quantum description. The quantum equivalent of the classical relaxation rate is the rate of 4 0 is the damping rate associated with the relaxation of the excitation. 5 We choose to define the Green function in such a way that for an electric dipole in r 0 , E(r) = G(r, r 0 ) · p (see section 3.2.2). 6 For Q < 1, 0 is defined by Q 0 = e 2 ω 2 0 /6πm 0 c 3 .
spontaneous emission. For a two level system coupled to its surrounding, the rate of spontaneous emission is calculated by the perturbation method and is given by Fermi's golden rule:
wherep is the electric dipole operator andÊ(r 0 ) the electric field operator evaluated at the dipole's position r 0 . This formula explicitly shows that the excited state |e dumps its energyhω eg into an empty mode of the vacuum field, creating one photon |1 kµ > with a wavevector k and polarization µ. The decay rate is the sum over all the photonic modes of the surrounding space. The effect of the nearby surface or object on the fluorophore damping rate and frequency shift originates in the quantum model from the alteration of the PMD [14] . For a fluorophore in free space, the spontaneous emission rate is equal to [27] :
where f eg is the Franck-Condon factor between the excited and the ground state. This result differs from the classical formula given in equation (5) . However the relative modifications of the emission rates due to the presence of a nearby object are identical. Hence, the classical model gives an exact result for the normalized emission rate [14] :
The calculated frequency shifts, however, differ significantly between the classical and the quantum description. In the quantum case, they originate from the coupling between the molecule and the quantum fluctuations. The classical model underestimates the frequency shifts, a quantum analysis is needed to get a precise estimate [14] . Experimentally, the measured shifts are rather small. They increase with decreasing lifetime, from a few megahertz for Eu 3+ with τ ≈ 1 ms to a gigahertz for Na atoms with τ ≈ 1 ps [28] .
SEF engineering
The relation between the maximization of the EM relaxation processes and SEF is not straightforward since EM processes include both radiative and non-radiative processes. Thus, it is via the modification of the relaxation rate of a fluorophore that the contribution to the radiative emission can be understood. The energy transfer between the fluorophore and the surface through near-field components can be quite important and sometimes represents the major part of the relaxation processes. Nevertheless the energy flow between the fluorophore and the surface if eventually associated with radiative processes will thus contribute to the enhancement of the fluorescence. From this point of view, it is essential to understand the fluorophore and its surrounding as a single system to evaluate its global radiating yield. The art of SEF engineering relies in particular on the ability to maximize the radiative relaxation processes from the surface.
The main challenge of RDE for SEF is thus to control and design surface structures which maximize the fluorescence enhancement of a fluorophore by adjusting the local electric field E loc (or equivalently the PMD). The modified damping rate of the fluorophore is obtained experimentally using Fluorescence Lifetime Measurements through the relation τ = 1/ .
Example of simple flat surfaces
The simplest system showing significant modification of the fluorophore excitation and emission processes is a planar interface below a fluorescent particle.
Relaxation modification on a flat surface.
Using the theory developed by CPS, it is convenient to evaluate the power coupled from the source as a function of the inplane component of the wavevector (u) since the latter is an invariant quantity in the planar structures considered. The total modification of the spontaneous emission rate is evaluated by integrating the modification to the damping rate over all in-plane wavevectors [24] . The modification to the relative damping rate is given by
where the integrand I (u) is the power dissipated by the emitter as a function of the in-plane wavevector u. This integrand depends on the dipole orientation with respect to the surface. In the case of a dipole positioned at a distance d from an interface between a medium 1 and 2, the relative damping rate for a dipole oriented orthogonally and parallel to the surface respectively becomes [24] 
where
are, respectively, the Fresnel reflection coefficients for the p polarization and the s polarization;
is the normalized component orthogonal to the surface; ϕ 1 = −2k 1 l 1 d is the phase shift associated with the reflection on the interface 1-2.
Transparent interface.
When the fluorophores are immobilized on a transparent dielectric (glass or fused silica) the presence of the interface induces changes in their emission properties. From an electrodynamic point of view, the presence of the interface has a rather moderate effect on the emission rate. For example, if molecules are adsorbed on a glass surface (refractive index = 1.5) from a water solution (refractive index = 1.33), equation (11) predicts that the relative radiative rate is enhanced by a factor of 1.07 and 1.33, depending on the molecules emission dipole orientation (parallel and perpendicular, respectively) of the emission dipole of the molecule with respect to the glass surface. This modification is modest because of the relatively small reflected field at the fluorophore position. However the alteration of the fluorophore lifetime is in the range of lifetime variations measured in biological studies [30] .
The presence of the interface significantly modifies the angular emission of the fluorophores. Figure 2 shows the calculated angular distributions of the fluorescence intensity of a molecule placed at a water-glass interface averaged over all possible emission dipole orientations. The discontinuity in the refractive index produces a significant maximum of the emission in the direction of the critical angle of total internal reflection [29] . Between 68% and 77% of the fluorescence is emitted towards the glass side. Thus light collection efficiency is enhanced when the detector is placed on the glass side [31] . However a significant part of the fluorescence radiation is emitted into the glass side above the critical angle. This radiation is sometimes called 'forbidden light' or 'supercritical light'. It accounts for 34% of the total fluorescence emission. The forbidden light is of particular interest when detecting surface-generated fluorescence due to the fact that the electromagnetic coupling of the radiating fluorophore to the glass decays rapidly with distance r from the glass surface. The restriction of the detection volume next to the surface is even stronger than in the case of an evanescent wave excitation [31] . For instance, when dyes emitting at visible wavelengths are used, the forbidden light signal stems only from molecules closer than 100 nm to the glass surface. Detection systems for biosensing applications based on objective lenses or substrates with paraboloidal shapes have been developed based on this principle. This imaging technique is called 'supercritical angle fluorescence microscopy' [32] . This amplification can be doubled up by a distinct enhancement of the emission light based on the presence of an interference pattern for a dipole near a surface [33] . The presence of the reflecting substrate induces changes in the fluorophore relaxation processes since the emitter interferes with the reflected EM waves. If the reflected field is in phase with the emitter, the dipole will be driven harder (called superradiance), which enhances the emission. In the opposite way, the oscillation strength will be reduced if the reflected wave is out of phase (called sub-radiance). The oscillation of the phase of the reflected light with increasing distance induces a subsequent oscillation of the spontaneous emission rate. At the same time, the oscillation strength decreases with distance because the emitters are point light sources. The radiation field of a dipole weakens with increasing distance and so does the field reflected at metallic interfaces. This is directly observed through lifetime measurements. Drexhage and coworkers confirmed this classical picture with Eu 3+ ions in front of a silver mirror [23, 34] .
However, for small emitter-surface distances (<100 nm), it is essential to take into account the near-field components of the dipole and calculate the reflected local electric field at the dipole position. This is in particular the case when one wants to explain the strong quenching of fluorescence near a metallic mirror. In this region the excited molecule may decay without radiation via coupling to guided waves such as surface plasmons and/or lossy waves. This additional coupling between the fluorophore and the substrate plays a major role in SEF and is addressed in the next section.
The angular emission of the fluorophore is also greatly modified by the presence of the mirror. When placed at an appropriate distance, the direct and reflected fields add up in the far field. Depending on the direction and the wavelength of light, this can give on average a 4-fold improvement of the signal intensity and a multilobe angular emission pattern [23] .
The sum of the various enhancement processes reaches an overall 10-to 15-fold improvement of the signal compared with a standard glass slide in the optical configuration of epifluorescence [35] . Besides, the excitation standing wave modulation allows one to evaluate the axial position of a fluorophore with a nanometre accuracy [36] . This high spatial selectivity has been used to develop a new imaging technique called fluorescence interference contrast (FLIC) microscopy.
These reflecting slides are of particular interest in biological sensing such as DNA chips, where the fluorophores are positioned at the very surface. Commercial mirrors are currently available for this purpose. These slides also yield an average signal amplification over micrometre thick samples, with interesting applications to cell and tissue imaging [37, 38] .
Fluorescence enhancement with reflecting slides is also applied in fluorescence correlation spectroscopy (FCS). FCS is a powerful technique for single-molecule dynamics in biological systems. One limitation is the collection efficiency of the fluorescence signal which is in many cases too low to overcome the background noise and does not allow fast analysis. Such limitation is reduced using reflecting surfaces.
Mirrors with high reflectivity in the fluorophore emission band allow redirection of the emitted fluorescence towards the collection optics. In addition, the standing waves of the excitation light provide a well-defined length scale which is necessary for quantitative analysis of the FCS data [39] .
Coupling with propagating surface plasmon
Basics on surface plasmons
A plasmon is the quantum of the collective excitation of free electrons in solids. Surface plasmons are electron plasma oscillations near a metal surface that stem from the broken translational invariance in the direction perpendicular to the surface. The charge oscillations are orthogonal to the surface plane and induce at the surface an evanescent EM field which is transverse magnetic (generation of surface charge requires an electric field normal to the surface). The combined surface plasmon and induced photon is called a surface plasmon polariton (SPP). Figure 3 (a) shows a schematic of the SPP propagating at the metal-dielectric interface. The EM field in the direction perpendicular to the surface is evanescent, reflecting the non-radiative nature of SPPs which prevents energy from propagating away from the surface. In the dielectric medium above the metal, typically air or glass, the decay length of the field is of the order of half the wavelength of the light, whereas the decay length into the metal is given by the skin depth (see figure 3 (b)) [9] . Much can be understood about the coupling between fluorophores and SPPs by looking at their dispersion relation of SPP, i.e. the relationship between the angular frequency (ω) and the in-plane wavevector (k ) of SPP modes (the inplane wavevector is the wavevector of the mode in the plane of the surface along which it propagates). For light propagating with an incident angle θ with the normal of the surface in a medium of relative permittivity d , the dispersion relationship is simply given by k = n d (ω/c) sin θ , where c is the speed of light and n d = √ d is the refractive index of the medium. The dispersion relationship between the frequency and the in-plane wavevector for SPPs propagating along the interface between a metal and a dielectric can be found by looking for surface mode solutions of Maxwell's equations. Under appropriate boundary conditions, the dispersion relation obtained is [40] 
With such a dispersion curve, the SPP mode always lies beyond the light line, see figure 3(c). This means that SPPs have greater momentum (k SPP ) than free space photon (k = ω/c) of the same pulsation ω. Because of this momentum mismatch between SPP and incident plane-wave light, these modes cannot be coupled simply without providing the missing momentum.
However, fluorophores on the surface are coupled to SPPs through their near-field components. This may provide wavevector, large enough for resonant coupling. The energy flow from the fluorophore to the SPP modes is in most cases detrimental to the SEF process. After a quantitative evaluation of this relaxation channel, we will show how part of this energy can be ultimately recovered into light and detected.
Relaxation processes on flat metallic thin films
As already mentioned in the previous section, since the metal surface acts as a mirror, the emitter interferes with the reflected electromagnetic waves and the spontaneous emission rate oscillates with increasing distance. For small emitter-surface distances this simple picture needs to be refined. The excited molecule may decay non-radiatively through its near-field components via coupling to guided waves such as surface plasmons and/or lossy waves. These decay channels depend on the fluorophore-metal distance and on the dipole orientation. The classical model presented in section 1.3.1 allows one to observe and evaluate quantitatively each relaxation channel through the amount of energy transfer versus the in-plane wavevector k . In the case of a flat surface equations (11) are used. Figure 4 shows the relative energy flow versus the normalized in-plane wavevector u = k /k d for various fluorophore-surface distances in the case of a silver/air interface, k d = n d k o being the wavevector and n d the refraction index in the dielectric.
• Emission of photons. The processes associated with the emission of photons in free space are given by the part of the diagram u < 1. Half of the total power is emitted in the upper half space and the other half is emitted towards the substrate. The latter can be divided into a reflected, a transmitted and an absorbed component. Their relative amplitudes depend on the reflection properties of the substrate. In practice when using an objective lens placed above the substrate to collect the emitted light, with a numerical aperture NA, the power of the collected light equals half the power represented by the curve in figure 4 , integrated over u < NA/n d , plus the reflected part on the substrate (readily evaluated using Fresnel formulae). Angular emission pattern of the fluorophore can also be calculated from equations (11) 
• Coupling with SPP modes. Excitation of SPP modes is clearly visible in figure 4 . It is associated with the sharp peak centred at the in-plane wavevector of the SPP k SPP in the wavevector spectrum. The part of the energy flowing from the fluorophore to the SPP can be evaluated by integrating the curve around the value k SPP [24] . As the fluorophore-surface distance d decreases, its coupling with the SPP is increasingly more important. SPP coupling is a prevailing process typically between 20 and 200 nm, see figure 5. • Non-radiative transition and exciton coupling. For fluorophore-metal distances <20 nm, fluorescence quenching originates from the transfer of energy from the excited dipole to the metallic surface, through coupling with high in-plane wavevector values (cf figure 4). The energy is transferred to electron-hole pairs of the metal (excitons) which act as energy acceptors. This energy is ultimately dissipated in the metal. This transfer is dipole-dipole in nature and yields a d 4 dependence for the transfer rate (when considering a plane surface). The relative part of this third channel can be evaluated by integration of the curve over u > 1, while subtracting the SPP channel. Figure 5 shows the fraction of power dissipated into each channel, i.e. radiation, SPP mode and lossy waves, as a function of fluorophore/surface distances for dipoles oriented parallel and perpendicular to the surface and an isotropic orientation [14] . The dipoles that oscillate perpendicular to the surface couple very efficiently to the SPP modes. In that case, up to 93% of the total dissipated power is given to the SPP [41] .
All relaxation channels are competing with each other. Due to strong near-field coupling, the number of decaying processes increases as the fluorophore-surface distance d decreases. This is observed through lifetime measurements. The fluorescence lifetime drops dramatically for small metalfluorophore distances. The lossy wave coupling becomes the prevailing process for distances <20 nm even though SPP coupling is getting stronger [23] .
For fluorophores with Q < 1, the non-EM relaxation processes remain unaffected by the presence of the surface.
Since the number of EM relaxation processes increases dramatically for small fluorophore-surface distances, the generalized quantum yield Q defined in equation (1) increases towards unity (as the fluorescence lifetime τ tends towards zero). This is of practical importance since the photostability is related to the total time spent by the fluorophore in the excited state. Hence, for a given fluorophore, decreasing its lifetime increases the number of cycles before photodestruction. This means collecting more emitted photons in a given experimental configuration. Alteration in the photobleaching processes as been investigated both theoretically and experimentally [14, 42] . A good agreement between the classical EM model and the experimental results is found for metal-fluorophore distances larger than 10 nm. Essentially, for spacer layer below 20 nm, because of the strong increase in the relaxation rate, fluorophores undergo more excitation-emission cycles before photobleaching. However, one must keep in mind that these additional processes coupling through near-field components are a priori detrimental to fluorescence detection since they are related to non-radiative EM processes.
An important aspect of SEF is consequently to use proper surface structures to couple resonantly the SPP modes into radiative emission and recover the energy. Two main momentum-matching techniques are used to couple the SPP modes to photons. The first one consists of increasing the momentum of the photon by using high index materials and specific optical geometry. The second technique breaks the translational invariance of smooth metallic surface through corrugated or roughened surfaces. These techniques are developed in the following sections.
SPP excitation on flat metallic surfaces
On flat surfaces coupling between propagative light and SPP helps both excitation of fluorophores and enhancement of emission processes. The evanescent EM field associated with SPP has its maximum at the surface and is thus efficient for excitation processes. Subsequently, recovering radiatively the energy given to the SPP by near-field coupling with the fluorophore plays a crucial role in SEF.
Surface plasmons on the front side of a metallic film (i.e. the fluorophore side) can be excited by the rear side using the so-called Kretschmann configuration provided that the index of refraction of the material on the rear side is higher than the one on the front side, as shown in figure 6(a) [40] . When impinging on the metallic thin film with an angle θ 0 , the light in-plane wavevector is k = n g k 0 sin θ 0 . The dispersion relation for the SPPs propagating on the opposite side of the metallic thin film can thus be satisfied for a given incident angle θ SP as shown in figure 6 (b). The excitation of the SPP occurs at the minimum of the reflected intensity. At the resonant angle for SPP excitation, the reflected intensity equal zero for a specific thickness d c of the metallic thin film [40] . At the same time, the EM field reaches its maximum at the metallic surface on the opposite side. The field can be significantly enhanced compared with a similar configuration without the metal [43] .
The enhancement G is defined as the ratio of the transmitted intensity of the EM field T metal on the opposite side of the metallic thin film and the transmitted intensity without the metal T w/metal . It is obtained using Fresnel's equations for a three-layer stacking glass/metal/dielectric [44] :
where t ij p and r ij p are the Fresnel's transmission and reflection coefficients in p-polarization, respectively, for the boundary between medium i and j and light incident from i to j (g: glass; m: metal; d: dielectric). d is the thickness of the metal thin film and k zm the component of the wavevector in the metal normal to the surface. The resonant excitation of the SPP on one side of the metal thin film induces a charge oscillation which results in an enhanced EM field at the metal-dielectric interface. The EM field increases throughout the film thickness to reach a maximum at the metal-dielectric interface [40] . The calculated enhancement values of the EM field at λ = 634 nm for an optimized film thickness of about d = 50 nm are 14.3 for silver and 5.9 for gold. Far from the saturation regime of the fluorophore, this results in large excitation rate enhancements, which is of particular interest in non-linear excitation processes such as two-photon fluorescence [45] .
For the Kretschmann excitation configuration, the fluorophore couples to the SPP resonantly through near-field components with higher wavevectors. As mentioned before, it is necessary that the fluorophore is far enough from the metallic surface to avoid non-radiative relaxation processes (in order to find the best compromise between high excitation and quenching). It is obtained with a transparent dielectric spacer layer, typically a few 10s of nanometres thick (cf figure 5) .
A simple enhancement technique for fluorescent signals is to use simple interference effects induced by the mirror coating. The presence of standing waves can enhance the excitation process by up to a factor of four (for a perfect mirror). The redirection of the emitted light on the mirror allows a more efficient collection which depends on the light detection geometry. The modification of the emission patterns due to planar boundaries was originally described by Drexhage [23] and more recently exploited for semiconductor cavity design [33] . As mentioned previously, dielectric mirrors can also be used since the SPP plays no role in this simple enhancement process [35] . The overall enhancement is typically 10-to 15-fold compared with a standard glass slide. The modification of the fluorescence lifetime and intensity of a single molecule as a function of its distance from a smooth metallic mirror has been recently investigated experimentally [46] . The results agree with classical models showing a clear correlation between intensity and lifetime measurements.
The optical configuration using SPP is often called SP fluorescence spectroscopy (SPFS). It has been recently used in biological applications such as real-time monitoring of hybridization processes, for trace amounts of PCR products in biosensors with detection limit of 100 fmol or membrane processes [47] [48] [49] . Figure 7 (a) shows a typical setup for combined SPFS and surface plasmon resonance (SPR) measurements and figure 7(b) shows the reflectivity R and the relative intensity I S /I 0 , i.e. the optical intensity at the surface, I S , scaled to the incoming intensity, I 0 , as a function of the angle of incidence, θ , for SPP excitation at a silver-water interface [47] .
Using SPP excitation on a flat metallic thin film trough SP resonance fluorescence microscopy, single-molecule real-time imaging of single fluorophores attached to protein molecules on metal surfaces in aqueous solution has been reported, see figure 8 [50] . With a silver thin film on a Cyanine 5 dye marker, a 13-fold signal enhancement compared with a glass substrate was obtained. The enhancement is mainly due to the intensified evanescent field associated with the SPP and the redirection of the emission signal towards the detector.
Fluorophores can also be used as local probes of the evanescent field associated with the SPP. Surface plasmon fields can thus be imaged by detecting the fluorescence of molecular films close to the SPP carrying metal surface. Ditlbacher and co-workers in figure 9 show the field profile of SPP launched at lithographically designed nanoscopic defects [51] .
Surface plasmon cross emission (SPCE).
The core idea of surface plasmon cross emission (SPCE) is the recovery of energy transferred by the fluorophore near field to the SPP by coupling of the SPP modes to the radiating EM modes on the backside of the film.
As we already mentioned, fluorophore in the vicinity of a metallic surface couples resonantly to the SPP through nearfield components. The Kretschmann configuration allows to excite SPP efficiently by the rear side of the metal thin film. By reciprocity SPP couples back to the radiating EM field on the rear side. For a particular emission wavelength, the light emitted is highly directional taking the shape of a cone with a half-angle θ SPP (ω fluo ), which satisfies the SPP momentum conservation (cf figure 6). First observation of this coupling dates back to 1979 by Weber and collaborators [41] and has be more recently extensively studied by Lakowicz and collaborators [18, 19] .
The plasmon-coupled fluorescence emission exhibits a characteristic angular distribution and polarization (radial polarization) given by the emission spectrum of the fluorophore and the dispersion relation of the SPPs. The excitation of the fluorophores can be performed either by the evanescent field associated to the SPP (excited in the Kretschmann configuration) or by shedding light directly on the fluorophore [19] . The latter geometry is less favorable since Reprinted with permission from [50] . Copyright 1998 by the American Physical Society. it does not take advantage of the huge SPP field enhancement and the near null EM field at the metallic surface.
Stefani et al [52] have recently observed the fluorescence of single molecules in the vicinity of a thin gold film using an epi-illumination scanning confocal microscope with both excitation and emission mediated by the SPP, see figure 10 . They showed that the number of detectable photons from fluophores perpendicular to the interface is enhanced by 140% by the presence of the metal while it is reduced to 26% for parallel molecules. Their experimental data are in a very good agreement with the CPS model they used to evaluate the relaxation channels (see figure 10(b) ). The point spread function of SPCE microscopy has been recently investigated in detail by Tang et al [53] . It was anticipated that SPCE could increase the fluorescence signals by a factor of up to 1000 [17, 19] , which would be a revolutionary improvement for analytical assays. Recent experimental [52, 54, 55] and theoretical results [43, 56] contradict this claim. Enderlein and Ruckstuhl in a recent theoretical paper [43] even claim that significantly less energy is coupled through a silver film into the glass than in the ideal case where no silver film is present. But their theory does not take into account surface roughness which may influence the fluorescence enhancement. In fact, SPCE can be advantageous with respect to more conventional detection schemes because of the following aspects:
• high directionality of fluorescence emission in SPCE which helps to better discriminate fluorescence, • strong wavelength dependent angular position, making it possible to use SPCE as a spectrally resolving technique, • radial polarization of the emission, in contrast to emission generated at a glass/water interface.
SPCE is of particular interest as an alternative microscopy to total internal reflection fluorescence microscopy (TIRFM). TIRFM is a widely used imaging technique, especially for probing the structure and dynamics of basal surfaces of cells, due to its high surface selectivity and an ability to suppress background fluorescence [57, 58] . Only fluorophores located within about 100 nm of the glass/sample interface are excited by the evanescent field.
An imaging technique that combines SPCE within TIRFM configuration, adding a thin metallic film onto the glass substrate, is called surface plasmon enhanced-TIRFM (SPE-TIRFM) or SPCE microscopy (SPCEM). It has been used recently in the imaging of muscle fibrils [55] and of a fluorescent protein in situ [54] . Figure 11 compares a standard TIRFM image (left) and a SPE-TIRFM image (right) of a single skeletal muscle fibre.
SPE-TIRFM offers no significant improvements over TIRF as far as fluorescence collection efficiency and brightness are concerned [43] .
However it has some significant advantages:
• The detection volume is axially thinner than in standard TIRF [59] . Changes of fluorescence upon axial displacement of a molecule are caused not only by the gradient of the evanescent wave intensity as in TIRF, but are also enhanced by quenching of the fluorescence near the metal surface.
• The background noise is greatly reduced. Only SPCE is transmitted trough the metal film. Since the fluorophores are coupled to the SPP by near-field coupling, all other emissions, in particular from fluorophores further away from the surface, are reflected by the metal.
• Photobleaching is reduced due to the decrease of the fluorescence lifetime.
• Fluorescence is quenched for flurophore-surface separation below 20 nm. This is of interest for biological systems [59] .
Surface plasmon field-enhanced fluorescence on corrugated surfaces
SPPs are usually non-radiative because their wavevector (momentum) is greater than that of free photons of the same frequency (see figure 6 ). This is a direct consequence of the real part of the SPP effective refractive index
Instead of a specific illumination condition, this momentum excess can be overcome using a textured metallic surface.
Patterning the metallic surface with a periodic wavelength scale corrugation provides an elegant solution. Breaking the translational invariance of the thin film allows one to relax the momentum conservation restriction. For a periodic ondulation of period a, the momentum conservation is now given by k SP = k SP ± n g B where g B is the grating or Bragg wavevector g B = 2π/a and n is an integer.
This idea was first demonstrated experimentally for the SPP mode by Knoll et al using dye monolayers deposited in a thin film on a silver grating [60] , shortly followed by Adams et al [61] confirming the predictions of Aravind et al [62] . Adams et al [63] and Sullivan et al [64] have later extended the study to thicker films to understand the scattering of waveguide modes. Figure 12 shows a typical example of the effective enhancement factor plotted as a function of the emission angle θ for a corrugated metal-clad waveguide sample versus a non-corrugated one [64] . With this sample, the directionally scattered bound-mode features are clearly visible. The emission features can be attributed to the out-coupling of the three waveguide modes (two TM-polarized modes and one TE-polarized mode). The prominent sharp peak at θ ≈ 15
• is associated with the SPP mode (i.e. the lowest TMpolarized mode).
The direction of the light beam is highly directional following the moment conservation relation which can be quite interesting to increase signal to noise ratio. Specific optical geometries have been proposed for excitation and detection [64] .
The efficiency with which bound light can be recovered by scattering from a corrugated surface has been shown to be as high as 80% for the SPP propagating normal to the grooves [65] . This efficiency reaches an average value of 60% independent of the SPP direction using a bi-grating [14] . Recovering the energy transferred to SPP modes is essential in particular to increase the yield of light emitting diode (LED) devices, which necessarily incorporate metal contacts for efficient electron injection. The advantages of grating couplers have being studied in such devices [66, 67] . The presence of the grating directly affects the spontaneous emission of the emitters themselves, since the photonic mode density they experience will be necessarily different from the planar case due to the different boundary conditions. Both the distance dependence of the lifetime and the spatial distribution of the emitted light are significantly changed upon the introduction of a corrugation, quite apart from the Bragg-scattered bound-mode features. One hypothesis is that these perturbations arise from the interference of the grating scattered dipole fields with the usual upward propagating and reflected fields [68] .
The efficiency of the light cross-coupling can also be enhanced by using corrugated thin films. Wedge and Barnes showed that the fluorescence emission from a structure with a corrugated thin metal film is over 50 times greater than that from a similar planar structure [69] . Additionally, they showed that samples containing a planar metal film with a corrugated dielectric overlayer have similar properties. The strong fluorescence emission is mediated via coupled SPPs. The SPP cross coupling is promising for devices such as surface-emitting LEDs.
Surface plasmon field-enhanced fluorescence on roughened surfaces
The coupling between a corrugated surface and a fluorophore is also a simplified approach for the study of the coupling with a roughened surface. To a first approximation, roughened surfaces can be considered as multi-corrugated surfaces provided the roughness is sufficiently small [40] .
Okamoto et al showed that the emission of light emitters based on InGaN quantum wells could be enhanced with use of rough metallic layers [70] . Roughness and imperfections in evaporated metal coatings can efficiently scatter SPPs into radiative modes. The authors measured the topography of an uncoated GaN surface and of a 50 nm thick Ag film evaporated onto GaN using scanning electron microscopy (SEM), see figure 13. They measured a modulation depth of the Ag surface of approximately 30-40 nm with a length scale of a few hundred nanometres. They found an enhancement of light emission using a corrugated grating with similar parameters while no enhancement was found for other grating parameters (cf figure 13(d) ). This measurement suggests that the size of the metal structures determines the SP-photon coupling and light extraction. The presence of metal nanostructures has a dramatic effect on the redirection of the angular emission of an individual molecule as well as on the enhancement of the excitation rate of the fluorophore. The influence of nearby nanosized metal objects on the angular photon emission has been observed experimentally on a single molecule for various dipole orientations [71] . This property offers the possibility of enhancing the light collection by tailoring the local environment of a fluorophore.
For enhanced roughness, multiple scattering of light occurs in nanostructured random media [72] . Light interferes and induces under certain conditions strong localization of light [73] analogous to Anderson localization of electron wave function. This localization is expected in a limited wavelength interval. Furthermore, variations in the dielectric constant of the medium should be large enough to realize sufficiently strong multiple scattering of light. Both phenomena exhibit a threshold character with respect to the dielectric contrast. Indeed, SPP are scattered by surface roughness if the scattering is sufficiently strong [74] . Biteen et al [75] studied the coupling between Si nanocrystals (nc-Si) and a highly roughened surface made of nanoporous gold thin film. They showed that this coupling can yield a 4-fold enhancement in the fluorescence intensity at λ = 780 nm, see figure 14 , which is related to the 4-fold enhancement in radiative decay rate as a result of local-field effects. The effective excitation cross section and quantum efficiency are enhanced by a factor of 2. The authors successfully modelled the complex geometry of the nanoporous gold film by gold nanoparticles, confirming the role of strong localization of SPP on rough metallic films. Such an increase in the emission rate is promising for the use of nc-Si in LED as opposed to the use of direct band gap light emitters and should lead to high optical gains in all silicon device fabrication processes.
This section showed how fluorescence enhancement on flat surface is improved by surface shaping, additional corrugation and roughness. Fluorescence is amplified by propagating surface plasmon modes. In the case of highly roughened surfaces, multiple electron scattering induces localization of surface plasmons. The next section deals with SEF using localized and non-propagating surface plasmons. We will introduce successive enhancement processes starting from the simplest nanometric objects (single particle) to more complex surfaces.
Localized surface enhancements near metal nanoparticles
The localization of light plays a key role in SEF. Earlier studies have shown how the EM field can be significantly enhanced near metal objects and surfaces when the size of the underlying object is much smaller than the illumination and/or detected wavelength. When metal objects are much smaller than the wavelength, the electric and magnetic fields can be localized, giving rise to inhomogeneities in the EM field distribution. In fact, any discontinuity between a metal and a dielectric gives rise to inhomogeneities in the EM field distribution [76] that can be exploited for local EM enhancement.
These inhomogeneities can be used to specifically excite a given fluorophore. They are one of the main sources of enhancements. When coupled to SPP, these inhomogeneities are sources of peaks of even higher enhancement. Any localization of EM intensity near metal nanostructures that couples to propagating modes can increase the fluorescence by several orders of magnitude. These high EM intensities are applied to enhance various non-linear effects such as second harmonic generation [77] [78] [79] [80] and Raman scattering [11, 81] .
The problem of the spatial localization of light has been studied in various metal systems. Each system, from a single metal nanoparticle to metal aggregates and inhomogeneous metal films, has specific enhancement properties linked closely to its geometry. Single metal ellipsoids for instance are sources of an exceptionally large enhancement. The gap between two-metal nanoparticles can be tuned to increase the fluorescence of a given fluorophore by more than 2 orders of magnitude. However these enhancements are wavelength specific. Inhomogeneous metal films, given their random nature, are expected to enhance the fluorescence of various fluorophores simultaneously, allowing multiple fluorescence imaging. At the same time random films are not necessarily as efficient for a given fluorophore.
The remarkable properties of metal systems arise due to the strong coupling between the fluorophore and the surface plasmon resonance of metals [82] . In section 2.2 we described how the distance between the fluorophore and the surfaces dramatically changes the fluorescence rate. In the case of particle enhancement, the size of the nanoparticle also plays a role. Most of all, due to the geometry of the problem, characteristic sizes and distances are one order of magnitude smaller than in the case of flat surfaces. Depending on the fluorophore emission frequency ω, on the distance d between the fluorophore and the metal [26] and on the size of the metal nanostructure, different interactions exist with dramatically different effects.
• For the low frequency regime, ω ω SP where ω SP is the surface plasmon frequency and when distance d is of the order of 1 nm, the dominating phenomenon is Landau damping [83] , an efficient damping of the fluorescence.
• For ω ∼ ω SP , coherent excitation of the surface plasmon takes place when d 1 nm and when the metal has nanoscale structures. The metal may act as a nanoantenna enhancing the strength of the dipole oscillator and thus we expect enhanced fluorescence. It is worth noticing that these huge enhancements can be applied to a variety of optical effects where the signal is usually very low, for instance in surface enhanced raman scattering (SERS) [11, 84] , strongly enhanced non-linear effects [85] such as photoluminescence [86] [87] [88] [89] [90] and coherent control [91] , as well as surface plasmon amplification by stimulated emission of radiation (SPASER), predicted by Bergman and Stockman [92] .
• For ω ∼ ω SP , d
1 nm for a metal with macroscopic extension but no nanoscale structures, besides the surface plasmon resonance, the propagating modes of SPPs are excited. In this case, the metal system plays the role of an optical antenna that propagates the excitation of the fluorophore to the far field [82, 93, 94] . This leads to an increase in the fluorescence efficiency and intensity and to a shortening of the fluorescence lifetime.
The present part of our review deals with the the localization of light around metal nanostructures when illuminated by an EM wave and how these localizations enhance the fluorescence. In the following, we will show how single particles, particle aggregates and random metal composites interact strongly with light. The difference between single objects, aggregates and non-continuous films and their relation to fluorescence enhancement will be discussed.
Near-field images and microscopy
Optical properties of matter are investigated by means of far field (classical) and near-field optical microscopy. In the past 20 years, near-field microscopies have proven to be powerful tools to investigate physical, chemical and biological properties at the nanometre scale. The investigation of the large enhancement of the electric field exploited in fluorescence enhancement has been carried out mainly by near-field optical microscopy, also called NSOM. Among all the branches of near-field microscopy which exist today, NSOM has been widely used in this respect because of its unique capability to probe the electromagnetic field that lies in the proximity of nanometric particles and surfaces.
To properly understand the physical meaning of NSOM measurements, we will shortly describe the mechanism responsible for the high resolution of the NSOM technique. The most basic picture of an optical microscope for the investigation of the optical properties of a nanoobject is the thought experiment of a nanooptical detector (or nanolight source) located in the proximity of the nanoobject [95] . The resolution of this microscope is then given by the size of the nanodetector/nanosource itself. To avoid the complicated design and fabrication of such a very small optical detector/source, two techniques are generally used. They are complementary in terms of collection and illumination efficiency [96, 97] .
The first technique, which is also the most common one, uses a nanohole at the end of an optical waveguide. The nanohole scatters the near-field which is mostly nonpropagative and evanescent by nature into propagating waves [98] . The waveguide allows transmission of the light either from the source to the nanohole or from the nanohole to the detector. First fluorescence images revealed the ability of near-field optical microscopy to achieve high resolution [99] [100] [101] . Xie and Dunn used near-field fluorescence microscopy to reveal the spectral dynamics of single molecules and their quenching by metal coating of the waveguide [102] . With the work of Novotny, van Hulst and their collaborators [71] , it was possible to record the effect of a metal object on the dipolar emission of fluorescence.
The second technique uses a nanoobject in the proximity of the surface. The coupling between the surface and the nanoobject acts as a nanoantenna, which scatters the EM field located around the surface. This scattered light can be easily detected by a macroscopic detector. The resolution of this technique is then given by the size of the nanoantenna which can in principle descend down to the size of a single atom. This theoretical limit of the resolution has not been reached so far experimentally. However, using a metal or a silicon tip as the nanoobject and conventional microscope objective for light collection at the detector, resolution higher than 20 nm in the visible domain has been demonstrated. This presents an improvement of a factor of more than 10 with respect to conventional optical microscopy [103] [104] [105] [106] [107] . The unbeaten resolution of the antenna-NSOM technique has been used for fluorescence imaging [108, 109] even if the influence of the quenching of the fluorescence by the metal tip is still under consideration [110] [111] [112] . We shall see in the following sections that even for a metal sphere, the problem of enhancement is not always clearly understood. Fluorescence particles that probe the intensity distribution [113] [114] [115] or the temperature [116] in a near-field optical geometry have also been reported upon recently.
For the moment, relatively few attempts have been done to apply fluorescence near-field optics in biological studies. This technique is invasive due to the fact that the near-field probe needs to enter a cell in order to image its inside. However some attempts to image membranes [106] and follow the movement of biomolecules [117] have been realized. They show the power of NSOM to reveal and understand the complexity of nanoscale biological systems.
Isolated nanoparticles
Already in the 19th century [118] , metal nanoparticles were known to have specific optical properties. In his famous 1908 Figure 15 . Cartesian coordinates (a) E x , (b) E y and (c) E z of the electric field in a plane located at 20 nm above the plane where the gold particle is situated. The incident polarization is along the x-axis, which is horizontal in this figure (ϕ = 0 • ).
paper [119] , Mie derived the solution for the scattering of light by a spherical particle. When the particles are far apart and dilute, the formalism given by Mie gives the exact expression of the EM field around them. When the particles are much smaller than the wavelength of the incoming light, approximate expressions may be derived which allow some physical insight into the behaviour of light around very small particles. The main advantages of these approximations lie in the path they open to understand more complicated physical problems where no exact theory exists [120, 121] .
Scattering of light by small spherical particles.
For a perfect sphere illuminated by an arbitrarily polarized light, the expression of the electric field can be derived from Mie calculation. This expression can be simplified if the particle is small compared with the incoming wavelength. The key parameters for Mie calculations are the scattering coefficients a n and b n of the vector spherical harmonics which satisfy the vector wave equation. They can be computed either from the approximate expressions given in [121] in the case of particles that are small compared with the wavelength or directly computed using the Matlab functions developed by Matzler [122] . For sufficiently small sphere, only a 1 is notably different from zero [121] . As a consequence only the first dipole term subsists in the expression of the electric field. When ρ 1, ρ = k · r, k being the wavevector and r the distance from the centre of the particle, the scattered field E s is then purely imaginary:
Using equation (14) and a Cartesian coordinate system (x, y, z) where (x, y) is the plane where the particule is situated and z is the direction of propagation of the incident light with an incident polarization along the x-axis, we have calculated the spherical components of the scattered field by a single metal particle in a plane located at an altitude z = 15 nm above but close to the plane where the particle is situated, z = 0 being the centre of the particle. For the computation, we used gold for the metal, a particle deposited on a substrate with a radius of r p = 6 nm and an illumination wavelength of λ = 780 nm [123] . In figure 15 the three electric field components are shown together, depicting the behaviour of the electric field around the particle. We note that the amplitude E x is mainly negative, aligned with the direction of the polarization and has two local minima located on each side of the particle. The amplitude E y presents a quadrangular repartition with two positive and two negative lobes at 45
• to the polarization direction. Finally the amplitude E z is composed of one positive lobe and one negative lobe of equal magnitude. The line joining the extrema of the lobes is perpendicular to the direction of polarization Ox.
It is clear that in the zone very close to the particle the scattered field is purely imaginary and differs from the transverse far field where E z vanishes. The electric field radiated by a dipole source would be aligned along the polarization direction whatever the distance from the dipole. This is not the case for the three Cartesian components of E in the near zone of a particle. We note that in the far field the description of the particle as an ideal dipole remains valid.
Furthermore, it is clear from the images of the three components of E in figure 15 that the electric field is strongly inhomogeneous around a metal particle. The relative positions of the high amplitude peaks (dark and bright spots) are localized with respect to the polarization of the incident light. The intensity of fluorescence of a dipole in close proximity to the metal particle depends only on the intensity of the electric field E 2 . However, the relative position of the high fluorescence peaks is nevertheless strongly dependent on the local distribution of E i (i = x, y, z) (amplitude of the electric field components).
Comparing figures 15 and 16, the latter showing NSOM images of the electric field around a gold sphere, we can see that the measured NSOM signal does not represent the total electric field around the metal particle. Depending on the geometric characteristics of the probe used to measure the local electric field, some components are invisible. Here the probe reveals mainly the z component of the electric field. A more detailed analysis of the observed electric field around metal particles is given by Wannemacher and co-workers [124] . It is clear, however, from the images shown that high amplitudes (bright and dark spots) of the electric field around a sphere occur very close to the particle (less than 20 nm). As mentioned above, the polarization of the incident light is the most important parameter when it comes to the localization of the high intensity peaks where enhancement occurs. 
Absorption and polarizability of a small sphere.
In the quasi-static approximation. The electrostatic approximation, also called quasi-static approximation, can be used when the applied field inside the sphere can be considered constant. This is the case when r p < λ/10. For a sufficiently small sphere (kr p 1) of radius r p , in the electrostatic approximation, the absorption cross section is [120] C abs = 4πkr
where and m are the dielectric constants of the particle and of the surrounding medium respectively. When the particle is in air (vaccum), m = 0 . In a uniform static electric field E 0 , the potential of an ideal dipole is = p · r/4π m r 3 with a dipole moment:
Thus one introduces the polarizability α to describe how the sphere is polarized by the applied field p = m αE 0 . Under the electrostatic approximation, the quasi-static polarizability α 0 of a polarizable sphere is defined by [121] α 0 = 4πr
The absorption cross section from equation (15) can then be written as follows:
General expression of the polarizability of a nanoparticle.
To be consistent with the law of energy conservation 7 , the expression of the polarizability is as follows:
It should be pointed out that the polarizability is frequency 2 m ) ). The radiative and non-radiative transfer rates are introduced using the expression of polarizability (18), which is consistent with the law of energy conservation.
Green function G, which is the solution of a given problem for a unique point source, satisfies the Helmholtz equation [125, 126] . G connects an electric dipole source p at a position r 0 [127] through the relation E(r, ω) = G(r, r 0 , ω) · p(ω), where r, r 0 and ω are, respectively, the position of observation, the position of the dipole and the frequency of the incoming radiation (see the introduction). In the presence of the nanoparticle, Green's function can be written in the form of a product of the effective polarizability α eff (ω) = α(ω) 0 and the free space Green's function [26, 128] G 0 :
The dyadic S from equations (6), which describes the electromagnetic response of the environment [24] [25] [26] , is defined by G(r, r 0 , ω) = G 0 (r, r 0 , ω)+S(r, r 0 , ω). S describes the modification of the free space Green's function G 0 due to the presence of the nanoparticle and can be identified from equation (19) :
The fluorescence rates. From G(r, r 0 , ω) and equations (6) and (5), one can calculate the different fluorescent rates (radiative r and non-radiative nr ) and the spontaneous decay rate (or total decay rate) and the free space fluorescence rate 0 . The sum of the radiative decay rate r and the non-radiative decay rate nr gives the total decay rate = r + nr . The fluorescence rate can be written as
where exc ∝ |p · E| 2 is the excitation rate depending on the local excitation field E(r 0 , ω). Assuming that the environment does not affect the polarizability of the molecule, the normalized excitation rate can be expressed as
where 0 exc is the excitation rate in free space, u is the unit vector pointing in the direction of p and E is the total local field (incident electric field plus scattered electric field). Assuming that the molecule has a high intrinsic quantum yield and that the non-radiative rate is given by Ohmic losses in the environment according to [24] , we have all the ingredients to calculate the decay rates r , nr and fluo for a fluorescent molecule in the presence of a nanoparticle. The results depend on the incident electric field E 0 , the unit vector u and the properties of the environment encoded in G and α eff .
Fluorescence rate in the presence of a nanoparticle. If we write R = |r − r 0 | the distance between the fluorophore and the particle, it is possible to show how the fluorescence lifetime strongly decreases when R tends to 0. The variation of the fluorescence lifetime τ fluo = 1/ fluo is due to the variation of the radiative r and non-radiative nr decay rates of the fluorescence (equation (21)). The decay rates at short distance (kR 1) are as follows.
• The non-radiative rate nr , proportional to R 6 due to dipole-dipole interaction. This is the usual dependence of the non-radiative transfer in the dipolar approximation. The validity of the dipolar model for single-molecule fluorescence has been recently discussed because it does not predict the correct fluorescence quenching [129] , see below. But it is still a good approximation at long distance (R r p /10).
• The radiative decay rate r which contains three contributions, the power directly radiated by the fluorophore, the power radiated by the induced dipole in the particle proportional to R 6 and an interference term proportional to R 3 . The existence of the R 3 term is a direct consequence of the coherence between the radiated fluorescence emission and emission of the induced dipole in the particle 8 .
The ratio of the two terms depends on the size of the particle and on the resonance condition. For a very small particle, the R 3 term should dominate. But at the plasmon resonance for instance, the R 6 term can be much larger [130] . This can substantially change the balance between the radiative r and the non-radiative nr fluorescence rates.
In the following, we will have a closer look at the resonance condition of a metal nanoparticle and see how the coupling with a fluorophore dramatically changes the resonance and emission properties of the overall system.
The plasmon resonance for small particles.
The resonance conditions. For a sphere with a diameter much smaller than the wavelength, the electric field in equation (14) is mainly localized near its surface, except for the lowest order mode (n = 1) which is uniform throughout the sphere. It follows from the expression of a n and b n that a 1 is the dominant coefficient if the complex dielectric function of the particle
where m is the dielectric function of the medium surrounding the particle. The frequency ω SP , sometimes called the Fröhlich frequency [131] , at which
corresponds to a uniform polarization of the sphere (also called dipolar mode of the particle). For a real particle, the absorptive part of the complex dielectric function is never 0 and condition (24) becomes
Unless specified and for simplicity we will always refer to these conditions as those corresponding to = −2 m . For slightly bigger particles, the condition on the coefficient a 1 gives
where r p is the particle radius and k is the wavevector k = 2πN/λ, N is the refractive index of the medium and λ is the illumination wavelength. For small particle sizes (r p λ) equation (26) is not different from (23) . However, equation (26) gives us an indication of how the frequency ω SP is shifted towards lower values as the particles size increases (the real part of the dielectric function is almost always an increasing function of frequency around the frequency for which = −2 m ).
Although any small spherical particles show surface modes when their size is much smaller than the wavelength (only the lowest order mode is uniform throughout a sphere), small metal particles have specific properties due to the fact that the negative region of is relatively broad in a metal.
The Drude model. In the Drude model, which accurately describes the optical properties of simple metals by taking into account the optical response of a collection of free electrons, the dielectric function is
where γ is the damping constant and ω p , the plasma frequency of the free electrons, is given by ω 2 p = N e 2 /m 0 . N is the density of free electrons, m is the effective mass of an electron and 0 is the dielectric function (or permittivity) of the free space. Real and imaginary parts of the dielectric function = + i are
The plasmon resonance frequency for a metal sphere. In the Drude model described above, there is no maximum in the imaginary part of the dielectric function. decreases monotonically with increasing frequency. But for small 
When the surrounding medium is air (this is still a good approximation for particles supported on a flat surface), m = 1 and equation (29) becomes
Equation (30) gives the general expression for the surface plasmon 10 frequency of a small spherical metal particle in air. The surface plasmon is usually described as the oscillation of the free electron in metal. It is sometimes called localized surface plasmon (LSP) or surface plasmon resonance (SPR). The LSP should not be confused with the surface plasmon polariton (SPP, see section 2.1) [9] which is dispersive (ω SPP = ω(k SPP )) whereas LSP are for bound geometries [132] .
Higher order modes can be excited for bigger particles. The environment around the particle also changes the absorption peak [133, 134] . For isolated spherical gold particles, the absorption peak of the surface plasmon lies in the range 510 nm < λ SP < 570 nm when 5 nm < r p < 50 nm [121, 133, 135] . For silver, however, the absorption peaks span almost the entire visible spectrum depending on the size and the surrounding medium of the particle [121, 133] , see for instance in figure 17 the absorption spectra for a silver sphere, r p = 25 nm, embedded in a glass matrix. Several studies in the past decade concentrated on the change of the plasmon resonance shape, linewidth or position due to the surrounding medium [136] [137] [138] . In a recent experiment, Kalkbrenner, Sandoghdar and collaborators show how the sensitivity of the plasmon resonance can be used to probe the electromagnetic field distribution [139] .
The strong absorption of metal nanoparticles. The absorption of small spheres is their most striking feature. Very small particles can absorb more than the light incident on them [121] . To understand this statement, a closer look at the absorption cross section of equation (15) and for a real metal near the plasmon resonance frequency at which condition (25) applies, the absorption cross section becomes
The maximum absorption is inversely proportional to the absorptive part of the complex dielectric function. In fact, the absorption cross section shown in equation (31) can be more than 10 times greater than the geometrical cross section for small metallic particles. This explains why metal particles near the plasmon resonance frequency are potentially very interesting when it comes to enhancement properties. It should be pointed out that when plasmon resonance occurs, even if the enhancement effects are much stronger, the localization of light is very similar to the out of resonance situation, at least for isolated particles. Careful analysis of the electromagnetic field distribution can be found in the papers by Schatz and collaborators [134, 140] and Link and El-Sayed [141] . Krenn and Aussenegg, in their search for plasmonic devices, were the first to measure the fluorescence intensity distribution around a metal nanoparticle when launching a SPP [142] .
The polarizability of a metal spherical particle near a fluorophore. Inserting equations (27) and (30) into equation (18) yields the following expression for the generalized polarizability [26] of a small sphere:
where the term −iωγ accounts for damping by absorption and the term −i(2/3)k 3 r 3 p ω 2 SP accounts for radiative damping. Equation (32) is consistent with the law of energy conservation. It can be shown from the energy flow distribution of the entire system that one can separate the radiative and the nonradiative contributions [143] in the fluorescence decay rate (see equation (20)). The variation of the different contributions to the decay rate with respect to the particle-fluorophore distance strongly depends on the dipole orientation of the fluorophore [137] .
Fluorescence enhancement by metal particles and aggregates
Recently, various groups have shown how silver particles can enhance the emission properties of rare-earth fluorophores [144] [145] [146] [147] . Even if Itoh and collaborators show that coupling between the particles is also of importance, all studies indicate that metal particles by themselves increase the fluorescence and luminescence of fluorophores.
Single metal particles.
General description of the resonance effects in metal particles.
Most of the times metal particles are not isolated and not purely spherical. The fact that metal particles aggregate and form nonspherical shapes does not change their huge absorption and scattering properties that we described above. With respect to their coupling with light, the main difference lies in the number and position of the resonance absorption peaks in the frequency range.
The most general description of a smooth particle with a regular shape 11 is an ellipsoid with 3 axes a, b and c  (a b c) . If b = c the spheroid is prolate (cigar shape) and if b = a the spheroid is oblate (pancake shape). By analogy to a dipole, it is possible to define within the electrostatic approximation a polarizability α i when the applied electric field is parallel to the axis i of the ellipsoid. The dipole moment is p = m α i E 0 and the polarizability of the ellipsoid is
where L i is a form factor that obeys the following rules 0 < L i < 1 and
The absorption cross section from equation (17) can then be written as follows in the case of the axis i of the ellipsoid:
There are peaks in the absorption when
For an ellipsoid, this means that there are two or even three resonances. As L i can have any value between 0 and 1, 1/L i can span a very wide frequency range. Figure 17 shows the two resonance peaks in the absorption of an ellipse with a long axis c = 100 nm and the short axes a = b = 40 nm. There are two different resonances but only one peak can be seen when the polarization of the incident light is parallel to one of the axes of the ellipse [148] [149] [150] . Similar behaviour is seen for nanodiscs or nanorods [141] , as these are the limits of a prolate and an oblate ellipsoid, respectively. It is then natural to describe nanostructures in terms of ellipsoids of various shapes. The corners of a triangle for instance, studied intensively at present [134, 151] , are never perfectly defined [152, 153] . It is then always possible to find an ellipse of the right dimension and shape that matches the triangle corner. To a first approximation, the interaction of light with a triangle, a cone or a tip end can be described simply by using an elongated ellipse. A more detailed description of the interaction between light and triangles of various shapes can be found in [151] where Martin and collaborators show that triangles of specific sizes and shapes are expected to enhance the electric field at different positions when changing the wavelength or polarization. Light concentrates in different areas around the triangle depending on the components of the electric field. When particles are very small compared with the wavelength, polarization and wavelength act together to control locally the intensity and the localization of the area where the light is concentrated. These concentrations of light, for which the word hot-spots is often applied, are due to both geometrical and resonance (plasmon) effects.
11 By smooth we mean without sharp corners or edges.
Emission coupling between metal particle and fluorophore. In the case of fluorescence, surface plasmon resonances do not always enhance the emission properties of the fluorophore [154] . Non-radiative decay rate, or quenching, is also enhanced relatively to the fluorophore-metal particles distance [154, 155] . Quenching properties of metal particles and their sensing ability have attracted much attention in the past five years but they are beyond the scope of this paper [156, 157] . However the coupling between the resonance of the metal particle and the emission of the fluorophore (the dipole) are of special importance [137, 158] . In the publication of Thomas et al [137] , the authors reveal that:
• close to the plasmon resonance, the energy position of the maximum of the radiative and non-radiative decay rate moves with respect to the fluorescence emission in free space, • the emission rate tends to zero when R, the distance between the fluorophore and the metal particle, tends to zero, • the local-field enhancement and the fluorescence enhancement are redshifted compared with the plasmon wavelength for the metal particle in free space, and • the enhancement is much higher when the orientation of the fluorescent dipole is along the main axis of the metal particle (when the particle is not strictly symmetric).
To elaborate on this, consider a fluorescent molecule interacting with a single metal particle of diameter d = 2r p . The axis connecting the particle and the fluorescent molecule is Oz and the distance between the molecule and the metal particle is z + r p = z + d/2. The local excitation field E(r 0 ) of the molecule can be expressed in terms of the free space Green's function:
where E 0 is the incident field. Equation (34) can be introduced into equation (22) to yield the normalized excitation rate within the dipole approximation. Anger et al demonstrated in a recent paper [129] that the dipole approximation, while giving a fairly good estimate of the excitation rate exc (see equation (22)), strongly overestimates the quantum yield at short distances and does not predict fluorescence quenching (see figure 18(b) ). Higher multipole orders are needed for a more accurate description of the non-radiative rate. Anger et al use a multiple multipole (MMP) method [128] to correctly describe the observed variation of the fluorescence rate with respect to the particle-molecule distance R (see figure 18(a) ). They observed that the fluorescence enhancement of nile blue molecule reaches a maximum at a distance of z = 5 nm for d = 80 nm gold particle. Their experiment has been carried out with a laser irradiated particle at λ = 637 nm and they note that the fluorescence enhancement is strongest for λ = 680 nm and weakest for λ = 485 nm, showing the redshift of the excitation frequency with respect to the surface plasmon resonance of the gold particle.
The effect of the surrounding medium, substrate or water for instance, on the fluorescence enhancement has been studied experimentally in ensemble measurements with silver particles [147] . An absorbing substrate can have a dramatic effect on the enhancement factor [138] . Tip enhanced fluorescence. One of the clear demonstrations of enhanced fluorescence near single metal particles is presently the enhancement of fluorescence in so-called apertureless near-field optical microscopy where the probe is a metal tip or a dielectric tip covered with metal. Due to the quenching of the fluorescence by the metal, the enhancement properties of metal near the plasmon resonance are hard to detect [109, 110, 112] . Novotny and collaborators [106] reduced the influence of quenching using J-aggregates and photosynthetic membranes in which energy transfer are very fast. This increases the radiative transfer with respect to the non-radiative transfer via the metal. They were able to induce 2-photon absorption fluorescence of J-aggregates with a relatively low illumination power when a gold tip is less than 30 nm from the fluorophore. The fluorescence increases dramatically with the tip-fluorophore distance. This is the first clear evidence of metal tip enhanced fluorescence. It is worth noting that in this experiment, the geometry of the tip has been chosen to improve the enhancement of the electric field [159] . Simulation and theoretical considerations have shown how polarization direction and incidence strongly affect the enhancement properties of metal tips [159] [160] [161] [162] .
The existence of extremely strong field gradients at the tip apex have been demonstrated in several geometries [161, 163, 164] .
The total electric field generated by a plane electromagnetic wave incident on a perfectly conducting conical tip situated above a dielectric surface can be investigated using the above analytical expression of the electric field at short distance r from the tip apex (kr 1) [127, 160, 165] :
where k = ω/c is the wavevector, β is the polarization angle, a is a function of the angle of incidence θ 0 , the angle of observation θ and the half-angle of aperture α c of the cone tip only. u r and u θ are the unit vectors in spherical coordinates and ν depends on the half-angle α c , 0 < ν < 1. The field given by equation (35) is highly enhanced near the tip apex. The spatial distribution of the electric field does not depend on the illumination condition except via the polarization angle β. Using the strong field gradient near a metal tip, Quake and his group chose to control the light and not the fluorophore [108] . They found an enhancement of the same order of magnitude as Novotny, typically 20. In the previously cited studies, the enhancement due to surface plasmon resonance is overshadowed by the strong geometrical (quasi-static) enhancement of the electric field due to the confinement of the electric lines at the end of the metal cone. Both Quake and Novotny chose to work out of resonance. But recently, Richard and co-workers [111] demonstrated that near a gold tip and at a wavelength close to the surface plasmon resonance frequency, the competition between quenching and plasmonic enhancement of the fluorescence gives an enhancement factor of roughly 3 to 5 when the gold tip is at a distance of 10-30 nm from the fluorescent particle. Although their model approximates the tip by a simple gold sphere, they show promising results for tip induced plasmonic enhanced fluorescence, as in the work by Sugiura and Okada who used similarly the plasmon excitation of a gold sphere to excite specifically the fluorescence of YOYO-1 in DNA [166] .
However the result of the competition between electrostatic and plasmonic enhancements is not straightforward. The two processes do not necessarily add up to give a higher fluorescence output. The term nanoantennas refers to devices with extremely high enhancement at the nanoscale. Scaling microwave antennas down to the visible frequency has numerous potential applications. But the problems of the nanoscale dimension add up here to the peculiar behaviour of the dielectric function of metals in the visible domain. However, a super light emitter [167, 168] has been recently realized which is a great promise in the field of nanophotonics.
Nanoholes.
Another common metal nanoobject is a metal hole [169] . From Babinet's principle [125] , it is easy to picture that interactions of such a hole with light are similar to those of a nanodisc. Webb and collaborators demonstrated the unique properties of metal subwavelength holes to selectively excite given fluorophores [170, 171] due to the non-propagative nature of the electric field inside the holes. The expression for the diffracted fields in the plane of an aperture is based on the analytical expression originally proposed by Bethe [172] and corrected by Bouwkamp [173, 174] . A theoretical formalism of the optical near-field generated by an aperture using Fourier optics is given in [175] . The above model is based on a infinitely thin metal layer but nevertheless perfectly describes the most important feature of a nanohole in a metal film: inside the hole, the main component of the electric field is the longitudinal E z component perpendicular to the metal plane [176] . As E z is non-propagative, these nanoholes are sometimes called zero mode waveguide [170] , see figure 19 (b). The effect of a nanohole on the fluorescent properties of a single fluorophore has been investigated using a SNOM aperture in 2000 [71] . It was shown that the relative positions of the fluorescent dipole and the hole strongly influence the direction of emission of fluorescence. Using the multiple multipole (MMP) method [128] , the authors were able to explain how the metal hole affects the angular emission properties of the fluorophore. With a much smaller object, this effect is similar to the one demonstrated in section 2.2, where enhancement can be triggered off by redirecting the fluorescence emission [33, 42] . In a recent experiment, the enhancement effect is proven to be of the order of 15 [177, 178] . Although the authors are looking for a decrease in the observation volume, they demonstrate that the small aperture:
• postpones the fluorescence saturation because the excited volume is smaller, see figure 19 (b), and fewer fluorophores are exited at the same time, • increases the local excitation intensity by increasing the fluorescence rate, see figure 19 (a).
In the paper on extraordinary optical transmission by Ebbesen et al [169] , not only does each hole have a peculiar electromagnetic field distribution [179] but the periodicity of the holes also plays a role [180] [181] [182] as well as the scattering of the surface plasmon [183] . Because of the periodicity of the holes on the metal surface, the extension of the confinement of the electric field perpendicular to the metal surface (in the direction of Oz) can be several micrometres long, giving rise to multiple high intensity wheels [184] . These can be used as multiple subwavelength sources to increase the speed and sensitivity of fluorescence detection. To increase the transmission, there have been recent propositions to use specifically shaped holes with rings [185] or coaxial designs [186] . None of these have been used for fluorescence imaging so far. However, the specific properties of a hole plasmon have been shown to be efficient for sensing, in an attempt to resolve adsorption of proteins [187] .
Plasmon and electromagnetic coupling
3.4.1. Coupled nanoparticles. As we have already seen, multi featured plasmon resonance can be obtained from more complex nanoparticles. With spherical symmetry (for instance, in nanocages [188] or nanoshells [189] ) or without (ellipses, triangle, etc), hybridization of simple particle plasmon resonance takes place [190] . Different resonance modes appear and are blue-or red-shifted with respect to the sizes and shapes of the particles.
Similarly, when two or more particles are close to each other, the overall system is similar to an ensemble of elementary particles. Contrary to a complex object with spherical symmetry, polarization of the incident light is crucial for it [140, 191] . When two particles are close enough to each other, the dipole of each particle induces a dipole on the other. This dipole-dipole interaction 'hybridizes' the elementary localized plasmon resonance. To decrease the width of the surface plasmon resonance and increase the field enhancement, a possible choice is a line of metal spheres in a so-called 'chain' of particles. Bergman and Stockmann [192] have demonstrated how a self-similar chain of particles with decreasing diameters can increase the amplitude of the electric field by more than 3 orders of magnitude (see figure 20(a) . The chain is self-similar when the radii R i of the particles i and the distance d i,i+1 between the particle i and i + 1 follow the relations R i+1 = κ R i and d i+1,i+2 = κ d i,i+1 with κ 1. The condition on the distance ensures that the field of a given particle is only a weak perturbation of the previous and bigger particle. The high enhancement of the electric field is calculated in the electrostatic approximation. If each particle enhances its applied field by a factor α, the cumulative effect of the chain of particles results in an enhancement factor of α n where n is the number of particles in the chain. These calculations were specifically done in order to find the best system for enhancement of Raman scattering but they are easily generalized for the enhancement of fluorescence.
Due to the difficulty to control precisely the distance between several different particles (metal particles, fluorescent particles etc), relatively few experimental studies have been done so far for fluorescence with coupled nanoparticles [194] . The use of organic molecules could prove very useful to control the distance and position of the nanoparticles. Most of the published work deals with SERS [195, 196] , even if the latter group published a fine theoretical analysis of Raman scattering compared with fluorescence enhancement [27] . The high intensity gradient occurring inside the gap leads to optical forces that can be a source of optical trapping of a single molecule. As demonstrated in [193] , the time-averaged optical force on a fluorophore is
where n is the refractive index of the surrounding medium and I 0 is the incident intensity. The isotropic complex polarizability is α(ω) = α (ω) + iα (ω) and M is the local enhancement evaluated by Xu and Käll using generalized Mie theory. Equation (36) is a sum of two terms. The first one is a conservative force F C whereas the second one stands for a dissipative force F D . Because evanescent multipolar contributions dominate the optical near-field in the gap region, molecular trapping is effective only for very small interparticle
the optical trap is stable, which is the case for silver dimer at λ = 550 nm (see figure 20(b) ).
For specific shapes of particles, the electromagnetic coupling inside the gap can lead to huge enhancements [197] [198] [199] . Optimized nanostructures are designed to increase the radiation efficiency of the fluorescent particle, in a similar way as antennas in the radio-wave regime. Hence the emitter couples to the electromagnetic field inside the gap of the antenna in the visible regime. Optimum coupling requires impedance matching depending on the wavelength and polarization of light [168] . Because the dielectric function of metal in the visible regime and in the radio-wave regime differs significantly (ohmic losses, plasmon resonance), the optimized antennas are significantly different in the two regimes.
Hecht et al [168] demonstrate that the use of an antenna near a single emitter helps to tailor the emission and absorption cross section. Increase in both cross sections allows creation of a superemitter. Under the influence of the antenna, the effective absorption cross section in the (x, y) plane where the emitter is located becomes C abs (x, y) = |G(x, y)| 2 C 0 · |G(x, y)| is the field enhancement factor, defined as the ratio of the projection of the electric field at the position of the emitter onto the dipole moment with and without the antenna. Given a quantum efficiency in free space Q 0 ≈ 1, the normalized lifetime rate θ of the excited state of a 2-level system and the normalized count rate γ are
where τ (x, y) and R(x, y) are the measured lifetime and count rate, respectively. The subscript 0 denotes free space values and is approximated in [168] by value far from the antenna. Using the reciprocity theorem [96] C abs /C abs,0 = r / r,0 = |G(x, y)| 2 . We arrived at
while assuming that the absorption and emission cross sections are similar [158, 200] , according to [201] . By raster scanning a nanoantenna across a quantum dot, Q(x, y), r (x, y) and nr (x, y) = [1/Q(x, y) − 1] r (x, y) can be determined from equations (37) and the measurements of τ (x, y) and R(x, y) (see figure 21) . Increase of nr and simultaneous decrease of Q outside the quantum dot in the centre of the images indicate that non-radiative decays prevail when the quantum dot is beneath the nanoantenna. This effect is even more pronounced for the perpendicular polarization (compare (c) and (f ) in figure 21 ), allowing for a reduction of the central spot size along the direction of the nanoantenna. The difference between the position of the extrema of Q(x, y) and nr and the position of r demonstrate for [168] that field enhancement and nonradiative decay channels are independent, even if they are both prominent close to the metal structure. The increase of Q when the nanoantenna is in the proximity of the quantum dot is an antenna effect and the system 'nanoantenna + quantum dot' is an effective quantum emitter.
Using arrays of particles could prove useful to couple plasmon polariton modes away from the excitation source [202] [203] [204] . Until now, this has been used for optoeletronic applications, such as beamsplitters [205] and wave-guides [203] . But chains of metal particles could be used for adaptative local sources [206] as one can tailor the plasmon resonance of such chains and increase non-linear effects [207] . 
Long range coupling, random films and hot spots.
In a mix of metal particles of various sizes, localized surface plasmon (LSP) resonance occurs at various photon energies depending on the wavelength and the polarization of the incident light. Due to LSP resonance different high intensity EM fields couple together only for distances of less than 10 nm. Because of their propagative nature, surface plasmon polaritons (SPP, see section 2.1) can couple objects and resonances separated by larges distances, up to several micrometres. The coupling of the localized modes of LSP with long range interactions by means of the propagative modes of SPP occurs in random films [82, 132] , the so-called semicontinuous films [72] . In such films the propagation of SPP enhances the resonant effect of LSP which in turn gives rise to higher intensity of the propagating SPP wave. Not only does the random nature of the LSP modes broaden the accessible lauching angles for SPP (see figure 22(a) ) but the various shapes also increase the number of accessible resonance wavelengths and polarization.
The peculiarity of semicontinuous films lies in the range of accessible shapes and sizes of metal particles on the surface. They are usually prepared by thermal evaporation of a metal on a dielectric surface followed by annealing. Metal evaporation ends around the percolation threshold, when the first continuous electric path between opposite sides of the substrate appears. Around the percolation threshold (see figure 22(b) ), almost every size of metal particles is present in the film, giving rise to resonances all over the film from the visible to the far-infrared. Since 1969 these films are known to have peculiar properties [209] [210] [211] when the broadband absorption in the infrared range was first discover. Since then, they have been extensively studied both experimentally [209, 210] and theoretically [81, 85, [212] [213] [214] [215] [216] , as SERS substrates, for which their properties are ideal. These specific properties have been linked to the localization of light on rough films [217, 218] and Anderson localization [219, 220] . The first experiments demonstrating localization of light have been carried out on rough gold films [221] , aggregates [222, 223] and colloidal films [224] before successive demonstrations of the localization on semicontinuous films [220] . The size of the high intensity peaks, called 'hot-spots', where light is localized, is much smaller than the wavelength of light. In figure 23 , the effect of the change of wavelength predicted in [81, 85] is experimentally shown [225] . A slight change in the wavelength or in the polarization properties of light allows to change the position of the 'hot spots'. Because of their strong non-linear properties, random metal films are especially important for non-linear optical application [72, 80] . The local distribution of the electromagnetic field allows us to dramatically increase non-linear effect [77, 79, 226, 227] , that are used for multiphoton enhanced fluorescence [13, 228] , as shown in figure 24.
Conclusion
Surface enhancement fluorescence (SEF) increases molecular detection efficiency by tailoring the electromagnetic environment and mastering the local environment of the fluorophore. SEF does not only amplify the fluorescence molecular emission but also modifies fluorescence lifetime, photobleaching, intermolecular coupling and emission patterns. More generally SEF includes the ability to tailor all processes involved in fluorescence. SEF dramatically opens up the range of possible applications based on fluorescence, including emission and detection devices (LED, biosensors, etc). Breakthroughs in both sensitivity and confinement have also been reported in imaging and microscopy for biology, medical research and diagnosis.
The fluorophore excitation and emission are strongly modified by near-field coupling of the fluorophore with evanescent surface modes.
Plasmon modes and their associated evanescent waves are known to change dramatically the electromagnetic field near an interface. Consequently, surfaces with plasmonic properties are the prominent SEF substrates. Flat dielectric surfaces are already efficient SEF surfaces; however metallic nanostructured surfaces (corrugated or rough surfaces) reach much higher fluorescence enhancements. Nanoparticles can be advantageously coupled to fluorophores to locally enhance the fluorescence when deposited on surfaces or as free probes.
A simple flat surface already gives a typical 10-to 20-fold fluorescence enhancement. More complex surfaces and structures designed to control plasmon modes and couple them to radiative light modes, in order to recover the energy, give access to even higher amplifications. Besides, excitation of the fluorophores through plasmon modes results in additional molecular detection efficiency by amplification of the excitation field. Furthermore, specific illumination techniques (i.e. Kretschmann's configuration) allow better excitation of the fluorophore through the excitation of plasmon modes. For instance, in the case of corrugated surfaces, surface plasmons are efficiently coupled to propagating light at specific angles and can thus contribute to SEF through both the excitation and the emission processes.
Localized plasmon resonances in simple and complex structures provide also very intense electromagnetic enhancement (for instance in 'hot spots'). This is of particular interest for local probing, confined excitation, non-linear optical phenomena and intense fluorescence enhancement.
Consequently, these nanostructures are very efficient SEF surfaces with local enhancements of several orders of magnitude.
The development of plasmonics, together with the ability to design surfaces with well-defined patterns and structures on the nanometric scale, opens up new possibilities in SEF. Smart probes are developed which use plasmon properties and fluorophores, such as the nanoshell filled with dyes, predicted theoretically [229] , or beaming emitted fluorescence using nanoapertures with designed subwavelength nanopatterns [179] . The recent use of twodimensional photonic crystal slabs and engineering of their leaky modes to overlap with the absorption and emission band of fluorophore demonstrate that the fluorescence intensity can be enhanced by a factor of up to 100 compared with unpatterned surfaces [230] .
The processes described for emission control and enhancement of the fluorophores are readily applicable to other sources of molecular luminescence (such as chemiluminescence, electroluminescence and phospholuminescence) and their applications. The popularity of SEF will steadily grow in terms of applications in the next few years. In particular in biological imaging, enhancement of fluorescence via plasmons is a fast growing field. Beyond the basic need for enhancement provided by SEF, other aspects brought by the modified fluorophore environment appear to be potentially very interesting, in particular the channelling of energy via plasmon coupling [231, 232] . Although the coupling between fluorophores and nanostructures with simple geometry is well understood, the situation for more complex nanostructures, such as percolated or roughened metallic thin films, is still being investigated. Alternatively, SEF phenomena can be used to probe the local EM field of complex surfaces, as a new near-field imaging technique.
